Palaeomagnetic results from late Middle Cambrian-Early Ordovician carbonate sequences sampled at Black Mountain (Mt Unbunmaroo), Mt Datson and near Chatsworth Station (southeastern Georgina Basin) are presented. A palaeomagnetic reassessment of these carbonates was designed in an effort to constrain regional magnetization ages as results from an earlier study, conducted at Mt Unbunmaroo, play a pivotal role in a proposed Cambrian inertial interchange true polar wander (IITPW) event. Remanent magnetizations within these carbonates were found to be variably developed with most specimens displaying two of the five isolated components. Component PF, for which goethite is the identified remanence carrier, is thought to reflect a chemical remanent magnetization of recent origin. Component TR, held by haematite, has a palaeomagnetic pole consistent with the Tertiary segment of Australia's apparent polar wander path (APWP) and most probably was acquired as a consequence of prolonged weathering during this period. The A component has a palaeomagnetic pole at 54.7
paths (APWPs) document plate velocities in excess of 60 cm yr −1 , to support the fundamental validity of IITPW, albeit at less than the 90
• initially suggested. In this modified true polar wander (TPW) scheme (Evans 1998) , palaeomagnetic analyses describe multiple discrete episodes of TPW during the Late Neoproterozoic and Early Palaeozoic, arising from long-lived inertial instabilities related to the break-up of the Rodinian supercontinent. Other authors (Mound et al. 1999) have offered compelling preliminary correlations of Cambrian sea levels from Australia, Baltica and Laurentia as an independent means of testing for an IITPW event.
Opposition to the proposed IITPW event has also flourished with (sometimes heated) arguments put forward against the IITPW hypothesis (e.g. Meert 1999; Torsvik & Rehnström 2001; Torsvik et al. 1998) . Evidence disputing a Cambrian IITPW event focuses on data set selections, controversy over polarity options for pre-Middle Palaeozoic palaeopoles and high rates of apparent polar wander arising from enhanced plate motions due to thermal anomalies in the mantle, rather than the geodynamics of IITPW. Furthermore, the applicability of the CO1
• remanence, identified as primary or early diagenetic Late Cambrian-Early Ordovician by Ripperdan & Kirschvink (1992) , to Australia's Early Palaeozoic APWP is contested, with some authors advocating remagnetization or regional rotations to account for the anomalous location of the CO1
• pole on the Early Palaeozoic APWP for Australia (e.g. McElhinny et al. 2003; Meert 1999; Torsvik & Van der Voo 2002) .
A rigorous examination of Vendian-Ordovician palaeomagnetic data with regard to the possible occurrence of an IITPW event during this period is not the motivation behind this study. Instead, a palaeomagnetic reinvestigation of Cambrian-Ordovician carbonates at Mt Unbunmaroo was carried out to address the controversy surrounding the palaeomagnetic results of Ripperdan & Kirschvink (1992) and the role of these results in the ensuing IITPW proposal (Kirschvink et al. 1997) . A parallel section at Mt Datson, approximately 45 km southwest of Mt Unbunmaroo, and sites within the Middle-Late Cambrian Chatsworth and Devoncourt Limestones, exposed to the north of Mts Unbunmaroo and Datson, were also sampled to evaluate the nature of regional magnetizations within the eastern Georgina Basin.
R E G I O N A L G E O L O G Y
The Georgina Basin is a large (∼325 000 km 2 ) Late ProterozoicEarly Palaeozoic intracratonic carbonate basin that covers much of western Queensland and the eastern Northern Territory (Fig. 1, inset) . This basin, along with many similarly aged structures within the Australian Craton, is thought to have formed in response to the break-up of a large Proterozoic supercontinent (Lodwick & Lindsay 1990) . The fragmentation of this supercontinent, probably Rodinia, gave rise to the extensive Neoproterozoic-Early Palaeozoic Centralian Superbasin (Fig. 1, inset) (Veevers 2000) . Three episodes of deformation are recorded within the structural elements of the Centralian Superbasin, including basin inversion during the Late Ordovician-Early Silurian , disrupting the Larapitine Seaway that previously linked the eastern and western margins of Australia, and two pulses of deformation (Middle Devonian and Middle Carboniferous) related to the protracted development of the intracratonic Alice Springs Orogeny (ASO) (Haines et al. 2001; Scheibner & Veevers 2000) . Examples of timing constraints placed upon deformation events within the superbasin remnants include 450-440 Ma upper amphibolite mylonite zones within the Harts Range of the eastern Arunta Inlier (Mawby et al. 1999) , the EmsianEiffelian synorogenic Craven Peak Beds within the Toko Syncline (Turner & Young 1987) and uplift and denudation of the Mt Isa Block during the Middle Carboniferous (Spikings et al. 1997) .
The Georgina Basin constitutes the present-day northeastern remnant of the Centralian Superbasin in what is now the Burke River Structural Belt (BRSB) (Haines et al. 2001) . Within the southern BRSB, Late Ordovician-Early Silurian deformation led to the development of the Toko Syncline. Thrust faulting in the Early-Middle Devonian placed the south-western margin of the Toko Syncline beneath the Proterozoic Arunta Inlier, with the whole region again folded during the Middle Carboniferous (Haines et al. 2001) .
Three areas in the eastern Georgina Basin were examined during this investigation. This sampling scheme included two parallel sections within the Cambrian Chatsworth Limestone and the Cambrian-Ordovician Ninmaroo Formation at Mts Unbunmaroo and Datson, supplemented by sites in Cambrian limestones near Chastworth Station (Fig. 1) . Around Chatsworth Station, the carbonates were generally medium-to dark-grey or reddish grey limestones and marls with subhorizontal bedding. At Mt Datson, lithologies ranged between fine-grained, dense medium-grey limestones to light-grey and vuggy dolomitic beds. Beds at Mt Datson were uniformly tilted at about 45
• . Units at Mt Unbunmaroo were light grey in colour with dips ranging from subhorizontal to ≤20
• . Field notes and laboratory tests suggest that most sites within the Ninmaroo Formation are dolomitic. This observation is consistent with the diagenetic history of the Ninmaroo Formation presented by Radke (1982) , wherein a protracted period of dolomitization, commencing in the Late Ordovician and associated with telogenesis (uplift and erosion), is described.
S A M P L I N G D E TA I L S A N D L A B O R AT O RY M E T H O D S
One hundred eighty-six palaeomagnetic sites were sampled in the Middle-Late Cambrian aged Chatsworth, Pomegranate and Devoncourt Limestones and the Cambrian-Ordovician Ninmaroo Formation. As palaeomagnetic sites are temporal, and not necessarily defined by spatial distribution, each sampled bed is treated as a single palaeomagnetic site. Of these, 87 beds were sampled at Mt Unbunmaroo (lateral distance across strike of 1300 m, sites GB10-GB19), 58 at Mt Datson (450 m sampled across strike, GB09), and 41 sites (GB01-GB08) in members of the Cambrian Chatsworth, Pomegranate and Devoncourt Limestones around the Chatsworth Station. All samples (two to three per bed) were obtained using a portable palaeomagnetic drill. Sampling was dictated primarily by exposure, with the distance between sampled sites ranging from 2 m to 35 m, and an average of 7 m between each site.
In the laboratory, cores were sliced into one to four specimens, 2.2 cm in height. Prior to demagnetization procedures, bulk susceptibilities were measured for all specimens. For all specimens the intensities and directions of the natural remanent magnetization (NRM) were determined using a horizontally mounted 2G755R DC SQUID magnetometer in the Rock Magnetism Laboratory at the Commonwealth Scientific and Industrial Research Organisation (CSIRO) in Sydney. Following the initial NRM measurement, at least two specimens per bed were treated with standard step-wise thermal and/or alternating field (AF) demagnetization, up to maximum temperatures and fields of 680
• C and 140 mT, respectively. Pilot AF and thermal demagnetization runs indicated that goethite, a magnetically 'hard' remanence carrier resistive to AF techniques, was a significant contributor to the remanence matrix for all samples. As such, prior to AF demagnetization all specimens were treated with a batch heating of 150
• C, the unblocking temperature for goethite being 120
• C (Dunlop &Özdemir 1997) . Thermal steps were separated by 25
• C for temperatures less than 450
• C, after which heating increments were reduced to 20-10
• C, depending upon demagnetization behaviour. During AF demagnetization, applied fields were separated by 2 mT up to 20 mT after which demagnetization progressed by 5 mT steps until the signal had been completely randomized or maximum fields of 140 mT were reached.
Strong contributions from diamagnetic material, in particular calcite, precluded low-field anisotropy of magnetic susceptibility (AMS) studies on these limestones as bulk susceptibilities were highly variable, and generally not reproducible, and AMS results were inconsistent for multiple measurements on single samples.
In an attempt to better define remanence mineralogies, 88 specimens were dissolved in acetic acid for times ranging between 48 and 216 h to extract the magnetic minerals. (Acetic acid will dissolve calcite matrix in limestones, but will not affect any magnetite present, unlike hydrochloric acid.) Whilst dissolution provided detritus from most specimens, 32 were not appreciably affected, suggesting that these specimens were taken from highly dolomitized beds. Sediment from the remaining 56 specimens did not contain sufficient magnetic material for detailed rock magnetic investigations by means of the variable field translation balance housed at CSIRO. As such, assessments of remanence mineralogy were necessarily restricted to analyses of 3-D isothermal remanent magnetization (IRM) (Lowrie 1990 ) and palaeomagnetic results. Seventy-two specimens, 24 from each of the three sampling areas, were subjected to 3-D IRM, described below.
Demagnetization behaviour was monitored throughout via orthogonal vector diagrams (Zijderveld 1967 ) and equal-area stereographic projections. Principal component analysis (Kirschvink 1980 ) was used to determine characteristic and secondary magnetization components. Specimens for which components had maximum angular deviation (MAD) > 15
• , or those displaying chaotic behaviour, were not included in later analyses. When linear segments of demagnetization vectors could be identified (three points being the minimum used to define a linear segment), site-mean directions were calculated according to standard methods (Fisher 1953) . Fold tests (McFadden 1998) and reversal tests (McFadden & Lowes 1981) were applied to resultant palaeomagnetic data from the three sampling regions in an effort to constrain magnetization ages. In addition, results from an applied clustering algorithm (McFadden 1998) are presented.
R E S U LT S

Rock magnetic results
For the step-wise thermal demagnetization of 3-D IRM (Lowrie 1990) , the following fields were applied to each specimen: 1 T along the z-axis, 0.1 T along the y-axis and 0.01 T along the x-axis. Results from these tests reveal three characteristic demagnetization spectra (Fig. 2) . The first is a nearly simultaneous decay of all three imparted components with specimens completely demagnetized by 550
• C (Figs 2a-c) . This behaviour is associated with dolomitized samples, in particular those from beds in the Ninmaroo Formation, and was found only in samples coming from Mt Unbunmaroo and Mt Datson. Within the second subset (with unblocking temperatures (T ub ) ≈ 580
• C and median destructive fields (MDFs) of ≤60 mT), AF demagnetization and block-shouldered 3-D IRM demagnetization spectra for the fine-grained light-grey and dark-grey limestones beds, taken from all three sample areas, identify end-member pseudo single-domain (PSD) magnetite as the remanence carrier (Figs 2d, e). Occasionally, haematite is also seen in samples belonging to these lithological subsets (Fig. 2f) . The third 3-D IRM group is generally associated with the reddish grey marls, but is also found in a few isolated samples from the light-grey limestone beds. Demagnetization behaviour of these samples suggests that the high-coercivity spectra (haematite) are dominant, with high unblocking temperatures of 650-680
• C (Figs 2g-i).
Palaeomagnetic results and interpretations
Extremely weak magnetizations, particularly after the removal of the goethite contribution, left approximately 25 per cent of all specimens too weak for continued AF or thermal demagnetization procedures. Indeed, sometimes up to 98 per cent of the initial NRM intensity for all specimens was held by goethite. NRM intensities could be as high as 3 mA m −1 while after the 150 • C step, values were more generally of the order of 0.1-0.04 mA m −1 . Characteristically weak magnetizations made stable directions difficult to identify and, as a general rule, AF demagnetization proved more effective in isolating magnetization components. Intensities for many of the thermally treated specimens fell below magnetometer sensitivity by 400
• C with components becoming too unstable to allow for further analysis.
In total, five characteristic remanence magnetizations (ChRMs) were revealed during this investigation. These included a normal polarity component (PF) defined by north with moderate up inclination directions and low to moderate unblocking temperatures and coercivities, which was generally removed by the 150
• C step. A second component (TR) is directed to the south(north) and down(up) with moderate to steep inclinations and was identified in 40 sites (55 samples). This component has high unblocking temperatures and coercivities. A northwest(southeast) and up(down) with shallow to very shallow inclination directions characterize component A. Component A has moderate unblocking temperatures and coercivities. Shallow to moderate inclinations and west-east directions typify the B component. Component B is the dominant magnetization component found within the Chatsworth and Ninmaroo Formations. Component C is directed to the northeast-southwest with moderate to shallow inclinations. This component has moderate to high unblocking temperatures and coercivities and was more readily identified using AF techniques than by thermal demagnetization.
Each of these components is discussed in detail below with representative orthogonal vector diagrams shown in Fig. 3 . In the original study carried out at Mt Unbunmaroo (Ripperdan & Kirschvink 1992) , four magnetization components were discussed. The discrepancy between that study and these findings is examined in the discussion following presentation of results and interpretations.
Components PF and TR
A chemical remanent magnetization is present in most sites, directed to the north with moderate inclination directions and is exclusively of normal polarity. This component (PF) tended to be removed by 150
• C, but could persist up to 300
• C with thermal demagnetization procedures. As this remanence was impervious to AF demagnetization but was generally unblocked by 150
• C, the PF component is thought to be held primarily by goethite. At the 95 per cent confidence interval this direction is indistinguishable from the present field direction expected in the sampling region and has a mean in situ direction of D = 5.1
• , I = −52.8 • , n = 202, k = 27.9, α 95 = 1.9
• (Fig. 4a , Table 1 ). The dual-polarity TR component, identified in 40 sites (55 samples), is directed to the south(north) and down(up) with moderate to steep inclinations and unblocking temperatures in the haematite range (T ub ≈ 680
• C). • , critical angle (γ c ) = 11.29 • ). At the 95 per cent confidence interval, TR fails the fold test of McFadden (1998) . The mean in situ direction of TR is D = 10.4
• , I = −54.1
• , k = 20.9, α 95 = 4.3 • (Fig. 4b , Table 1 ). This component was distinguished from the PF direction by its extreme stability, high unblocking temperatures, and simple linear decay to the origin on orthogonal projection diagrams; no other components were present in TR samples (Fig. 3a) . The corresponding palaeopole, calculated from 40 VGPs, lies at λ = 74.0
• S, φ = 107.7
• E, dp = 4.2 • , dm = 6.0
• , is consistent with the Tertiary segment of Australia's APWP and is most probably a reflection of widespread Tertiary weathering (Dunlop &Özdemir 1997) (magnetite commonly oxidizes to haematite in weathering environments). As components PF and TR are relatively recent acquisitions to the magnetic history of the Cambrian-Ordovician units within the eastern Georgina Basin, and have no bearing on Australia's Palaeozoic APWP, analysis of these magnetizations is not included in the ensuing discussion.
Component A
3-D IRM results for component A indicate that magnetite is the remanence carrier for this ChRM (Figs 2d and f) . Component A is often found with PF, discussed above (Fig. 3b) . In a few cases, component A gives way to component C magnetizations, discussed below, at high temperatures and fields (Fig. 3h) . Figs 2(e) and (i) are characteristic 3-D IRM results from specimens containing both A and C components.
The dual-polarity A component has northwest/southeast directions and shallow inclinations and is found in one or two, and more rarely three, samples from 46 sites (n = 70) (Figs 3b , 3h). Mean site-level data are presented in Table 2 . Unblocking temperatures for this component range between 300
• C and 580
• C with MDFs of ∼40 mT. At the 95 per cent confidence interval these data have a positive fold test (McFadden 1998) with before and after tilt correction directions of D = 330.8
• , I = −0.9 • (k = 13.9, α 95 = 6.0 • ) and D = 330.6
• , I = −3.9 • , γ c = 9.1 • ), while at 100 per cent unfolded, these data have an A classification (γ o = 2.73
• , γ c = 11.26 • ). Using the tilt-adjusted data, the mean palaeomagnetic pole for component A lies at λ = 54.7
• S, φ = 262.3
• E, (dp = 2.3 (Table 3) .
Component B
West-east directions with moderate to shallow inclinations characterize the B component. B is the most widespread magnetization within the sample area, found in 77 sites (115 samples). Component B directions are more readily identified in thermally demagnetized specimens and generally become randomized at temperatures less than 400
• C and destructive fields of ≤20 mT. The mean in situ and tilt-adjusted directions for component B are: D = 271.4
• , I = −14.7
• ), respectively (Figs 5C and 5d, Table 3 ). (Fisher 1953) ; λ ( • N) and φ ( • E) give the location of the palaeomagnetic pole calculated from mean directional data; dp( • )/dm( • ) correspond to the semiaxes of uncertainty associated with each calculated palaeomagnetic pole at the 95 per cent confidence interval.
Components for each Latitude Longitude n In situ directions of the three sampled areas In situ data pass the reversal test of McFadden & Lowes (1981) with a C classification, γ o = 13.0
• , γ c = 17.8
• . At 100 per cent unfolded, however, component B normal and reverse data have a negative reversal test, γ o = 13.3
• , γ c = 11.2
• . Fold test statistics (McFadden 1998) for the B component are ambiguous, suggesting that the magnetization could have been acquired in situor at 100 per cent tilt-adjusted. It is thought that the reason for this is the near coincidence of the in situ and tilted declinations with the strike of folding, making this direction insensitive to the applied test. Incongruent precisions for component B in each of the sampled limbs also prohibit a meaningful application of the fold test (McFadden 1998; McFadden & Jones 1981) . Uncertainty surrounding the results from these two tests could be the result of unrecognized structural complications within this area and/or the failure to completely remove competing magnetization spectra.
The in situ data yield a palaeopole at λ = 4.1
• , dp = 3.9
• , dm = 7.6
• . Using tilt-adjusted data, the resultant palaeopole lies at λ = 8.0
• S, φ = 216.8E
• (dp = 2.6 Table 3 ). These two poles are separated by 14.2
• and while both fall upon the Late Ordovician-Early Silurian segment of the APWP they are dissimilar at the 95 per cent confidence interval. Although results from the applied fold test were inconclusive, and have marginal results from applied reversal tests, visual inspection of site-mean data (Figs 5c and d) and comparison of before and after tilt adjustment precision values (k insitu = 5.6, k tilted = 9.9) indicate that the data are slightly better grouped at 100 per cent untilting. As such, the palaeopole associated with the tilted data (sgb in Fig. 8 ) has been preferentially chosen to reflect this remanence direction.
In general, samples characterized by the B ChRM had the weakest magnetization intensities, NRM intensities ≈ 0.01 mA m −1 , as opposed to values around 0.5 mA m −1 found in samples described by other ChRMs. There were, however, a few sites (about 5 per cent of those used in palaeomagnetic analyses) that had anomalously strong intensities (NRM intensities ≥0.3 mA m −1 ). Specimens from these sites were also typified by extremely stable univectorial decay trajectories (Fig. 3f) . More typically, the B direction is found with the PF direction, and in these cases B ChRMs tend to move away from, or fail to reach, the origin (Figs 3c-e ), suggesting that this component is most probably not primary in origin. 3-D IRM spectra for component B-related samples show that this component is completely demagnetized by 550
• C. As the intensities of these Table 2 . Site mean data for components A, B and C. Palaeomagnetic components from the eastern Georgina Basin. Explanation of table headings: Site: palaeomagnetic site; FM is the sampled formation (from oldest to youngest these are: C -MD = Devoncourt Lmst; C -MR = Pomegranate Lmst; C -UC = Chatsworth Lmst; C -UCL = Lily Creek Member, Chatsworth Lmst; C -ONU = Unbunmaroo Member, Ninmaroo Fm; C -ONJ = Jiggamore Member, Ninmaroo Fm); Latitude ( specimens tend to fall below magnetometer sensitivity by 400
• C or 20 mT, it is unclear whether the isolation of this direction, with respect to other components, is the result of fully demagnetizing a single dominant remanence carrier or if, instead, it merely reflects intensities that fell below magnetometer sensitivity, hindering resolution of a third component.
Component C
Twenty-seven sites within the Cambrian Chatsworth (N = 23) and Devoncourt Limestones (N = 4) and 14 sites within the lower members of the Cambrian-Ordovician Ninmaroo Formation have component C as the ChRM direction (N = 42, n = 96). This component is of dual polarity but is characterized by a reverse polarity northeast direction with shallow inclinations and a simple linear decay to the origin on orthogonal projection diagrams. The C ChRM is often found with PF, and occasionally with A, as discussed above (Figs 3g-j). Site-level data are presented in Table 2 . The remanence carrier for the C component is predominantly magnetite (T ub ≈ 580 • C, MDF ≈ 35 mT), although this direction is also observed to persist in a few cases up to 680 • C. Figs 2(d) and (i) show 3-D IRM spectra for sites containing the both C and A ChRMs, suggesting that magnetite and haematite contribute to these remanence directions. When the C component is found without the A ChRM, Fig. 2H shows a typical 3-D IRM response. Component C is most Table 3 . Mean Palaeozoic palaeomagnetic data for this study and that of Ripperdan & Kirschvink (1992) showing mean in situ and tilt-adjusted directions and resultant palaeomagnetic poles. Also shown are the difference between mean data from the two studies (subtended angle). Note that the polarities for the CO1 • and the OVP 1 palaeopoles have been inverted to their antipode to make direct comparison more readily accessible. This has also been done for the tilt-corrected mean direction of the OVP 1 component of Ripperdan & Kirschvink (1992) . Heading explanations are as in Table 2 . • , respectively, and are both rated as class A. The minor changes in statistics for both the reversal and fold tests are the consequence of bedding being subhorizontal or only shallowly dipping at 29 of the 42 sites in which component C was identified, with the remaining 13 contributing only slightly to the overall statistical outcome.
As the eastern-most Georgina Basin was not subject to folding until the Middle Carboniferous (Haines et al. 2001) , tilt-adjusted data were used to determine site-level virtual geomagnetic poles (VGPs). This is compatible with the presence of component A magnetizations having partially overprinted C ChRMs (Fig. 3h) . As both A and C have positive fold test results and A is generally less stable than C, it seems likely that C pre-dates A and tilt-adjusted data should, therefore, be used. It is proposed that the preservation of this remanence through basin inversion, multiple episodes of faulting, Carboniferous folding and uplift, and sustained Tertiary weathering is most likely the result of its commonly being found in dark grey limestones and reddish grey marls, lithologies that are typified, via 3-D IRM and palaeomagnetic analysis, by geologically stable remanence carriers.
The mean palaeopole for component C magnetizations, calculated from 41 VGPs, lies at λ = 48.6
• N, φ = 186.0 • E, (dp = 2.1 • , dm = 4.0
• ) (Table 3 ) and lies between the ∼490 Ma Black Hill Norite (BHN) pole of Schmidt et al. (1993) and the ∼530 Ma Todd River Dolomite (TOD) pole of Kirschvink (1978) , agreeing with the Middle-Late Cambrian (∼510 Ma) age assigned to these carbonates (GBL in Fig. 8 ). The position of this pole on Australia's APWP, the positive outcomes of both reversal and fold tests, well-behaved rock magnetic results (Figs 2e, h, i) , the observed (characteristic) linear decay of this component in orthogonal vector diagrams, and its dissimilarity to any younger segments of the Gondwanan APWP all support a primary origin for this magnetization.
The cluster analysis
Examination of the data presented in Table 2 and Fig. 5 reveals a certain amount of overlap between the more peripheral members of magnetizations assigned to the A, B and C components. When this occurred, discrimination between components was often based upon demagnetization behaviour. For example, when choosing between component B directions (E-W) and component A directions (NW-SE), ChRMs with lower unblocking temperatures and MDFs were assigned to the component B group directions. Likewise, in the few cases in which a sample (or site) could be grouped with either component B or the Cambrian direction (component C), those with higher unblocking temperatures and MDFs were grouped with the C component.
As a statistical check, a clustering algorithm (McFadden 1998) was applied to the entire ChRM data set. The outcome of this test is shown in Fig. 6 . Tight grouping of components similar to the A and C directions were identified using the clustering algorithm of McFadden (1998) and, at the 95 per cent confidence interval, the mean from each of the two clustering outputs cannot be distinguished from the respective means computed from isolated palaeomagnetic directions. Results thought to be related to B component directions are more problematic, as can be seen. Although each of the clustering algorithm results for the B components has a small associated uncertainty, the dispersion of the results is high. It is also evident from Fig. 6 that substantial overlap is present between the A and B components and it is recognized that the potential for bias in either or both of the mean directions computed for these ChRMs is high. These findings are consistent with the earlier claim of difficulty in isolating this ChRM due to extremely weak magnetizations and a probable inability to fully remove competing magnetization spectra.
D I S C U S S I O N
Comparison with earlier investigation
As with the earlier study (Ripperdan & Kirschvink 1992 ), referred to, for the sake of brevity, as the R&K study for the remaining discussion, three Palaeozoic remanences were isolated in sampled Cambrian-Ordovician units. The overlap between components, detailed above, is also consistent with groupings identified with the earlier study, even if our interpretations are not in agreement. A summary table of both data sets, with in situ and tilt-corrected directions, is presented in Table 3 for comparison.
Component A from this study is indistinguishable at the 95 per cent confidence interval from the OVP 2 direction of that presented in the R&K study. In both studies, this direction is interpreted as an Early Devonian magnetization. Ripperdan & Kirschvink (1992) suggested the OVP 2 was most likely the result of fluid migration related to the early stages of the development of the Alice Springs Orogeny (ASO) of central Australia. The first phase of this intracratonic orogeny during the Early-Middle Devonian gave rise to thrust faulting of the Toko Syncline (Scheibner & Veevers 2000) and fluid migration during this period would be expected. This direction is constrained by a positive fold test and a positive reversal test for 100 per cent tilt-adjusted data. Folding within the eastern Georgina Basin is associated with a second pulse of ASO deformation during the Middle Carboniferous, an age assignment supported by horizontal Permian sediments overlying folded Carboniferous strata (Haines et al. 2001 ) and apatite fission track thermochronology within the Mt Isa Block (Spikings et al. 1997) . Modelling of apatite fission track data from the Mt Isa Block shows vertical displacement of the region on the order of 0.06-0.3 km Myr −1 during the Carboniferous related to regional uplift and tectonic activity associated with the ASO (Spikings et al. 1997) .
A comparison of component B directions with the CO1
• direction of the R&K study (Table 3 ) reveals that although similarly directed, these magnetizations are dissimilar at the 95 per cent confidence interval; mean directions are separated by 32
• . Component B directions have shallow to moderate negative inclinations while the CO1
• direction is very shallow with a positive inclination. The reason for this discrepancy is unclear as a comparison of the direction acquired from the section sampled at Mt Unbunmaroo (Black Mountain) during this investigation (Table 3) is also dissimilar from that reported by the R&K study, contrary to what one might expect. One possible explanation for this inconsistency is that, assuming the B/CO1
• directions are roughly analogous, this magnetization 'component' represents a more complex magnetization, perhaps somewhat obscured by the failure to fully remove other contributing magnetization components, as is suggested by the palaeomagnetic data in Figs 3c-e .
Similarity in the demagnetization behaviour between the B component magnetizations typified by univectorial decay on orthogonal projections (Fig. 3f) and those from the TR component, also suggests this remanence may have arisen from prolonged weathering related to Late Ordovician-Early Silurian basin inversion (Haines et al. 2001; Mawby et al. 1999) . As detailed rock magnetic tests were not performed by the R&K study, were only marginally effective in isolating magnetic mineralogies during this investigation and AMS studies proved unfeasible, it seems unlikely that this ambiguity can be resolved.
Component C, which is interpreted herein as a primary Cambrian magnetization, is slightly steeper with more easterly directions than the OVP 1 direction of the R&K study (Table 3) . Although indistinguishable at the 95 per cent confidence interval, the C and OVP 1 directions are subtended by 12.1
• . The small difference between these two components may arise from contamination of the OVP 1 component with OVP 2 (NW) directions in the R&K study. In addition, the OVP 1 direction was described as having only south directions, whereas the results presented herein are of dual polarity, directed to the northeast-southwest. Ripperdan & Kirschvink (1992) stated that the OVP 1 direction was 'particularly common around the contact between the Chatsworth Limestone and the Ninmaroo Formations' but attributed this magnetization to fluid migration in the Early Silurian. Component C is similarly found near the contact of these two formations, but is also common in underlying members of the Late Cambrian Chatsworth and Devoncourt Limestones. This component is not seen in Ordovician members of the Ninmaroo Formation, contributing to the arguments outlined above for a Late Cambrian primary or early diagenetic remanence for component C.
Magnetostratigraphic correlation between the Mt Unbunmaroo (Black Mountain) section and a similarly aged section from Dayangcha, China (Ripperdan et al. 1993) , was presented in the R&K study and lent support to their definition of the CO1
• direction as a primary magnetization. The differences in interpretation between the two Georgina Basin studies, therefore, merits a critical discussion related to the magnetostratigraphy in the R&K study. Fig. 7 presents a magnetostratigraphic comparison between the CO1
• direction from the R&K study and our B component. In this figure, we have compiled a magnetostratigraphic column of the B component utilizing both the conventional polarity (CP) option and the alternate polarity (AP) assignment. Although our preferred interpretation for B is it is a Silurian remagnetization, this is the component that R&K interpret as primary and, as such, should yield a similar magnetostratigraphic column irrespective of sampling section. The section we sampled can be accurately tied to the section sampled by R&K and, consequently, we are able to make a meaningful stratigraphic comparison between CO1
• and B magnetozones. Nevertheless, as shown in Fig. 7 , we find the correlation of magnetozones unconvincing. This is not surprising since the number of degrees of freedom in the comparison is of about the same order as the number of magnetozones.
Quality criteria for magnetostratigraphic studies are similar to those for palaeomagnetic investigations (Van der Voo 1990) and were formalized by Opdyke & Channell (1996) . On examination of Ripperdan & Kirschvink's (1992) magnetostratigraphic data, 7 of the 10 Opdyke & Channell (1996) reliability criteria are met, and thus this study is apparently of high quality. However, we also make the following observations regarding the R&K study that raises our concern that the magnetostratigraphic evidence is not unassailable.
First, results from Black Mountain by Ripperdan & Kirschvink (1992) are based upon a single section, with magnetozones at times defined by a single specimen, they lack field tests that would constrain relative magnetization ages, and from an original 140 samples only 66 samples yielded components that could be analysed using PCA. The remaining 7 magnetozones were defined by 'endpoints of two-component demagnetization trajectories' making it unclear whether stable endpoint directions were isolated. Also, assuming a time interval of some 20 Myr for this sequence, 70 samples represents approximately one sample per 300 kyr, if evenly spaced. Tauxe & Gallet (1991) have shown that random sampling of polarity over such time periods does not necessarily produce a self-consistent polarity history, necessitating multiple sections in the production of a reliable record. Furthermore, the very shallow inclinations reported for the CO1
• direction in the R&K study (I mean = 4.3 • ) make polarity assignment tenuous, at best. Finally, correlations between the Black Mountain and Dayangcha, China (Ripperdan et al. 1993) sections are problematic, as analysis of the results from the Dayangcha, China section, with respect to the magnetostratigraphic quality criteria, is hampered by the lack of published information.
Conodont and chemostratigraphic studies were not carried out during this investigation, precluding detailed correlation between the three sampling regions within the eastern Georgina Basin. As the C component was not isolated in each sampled bed, generation of a magnetostratigraphic column based on the available data would not be definitive and is not justified.
The revised APWP
The APWP presented in Fig. 8 invokes the 'alternate' polarity option, after Schmidt & Morris (1977) , for pre-Devonian palaeopoles. Both the Morel & Irving (1978) , utilized in the R&K study, and the Schmidt & Morris (1977) APWP models assume an autochthonous relation between cratonic Australia and elements comprising the Palaeozoic Tasman Fold Belt; the former, however, requires exceptionally fast plate velocities (≥60 cm yr −1 ) for Gondwana during the Early Palaeozoic, rates which are difficult to reconcile. By invoking 'alternate' polarities for poles older than ∼400 Ma, plate velocities are slowed to some 15-25 cm yr −1 . All palaeopoles used in the generation of the APWP presented in Fig. 8 are listed in Table 4 . Rotation of Gondwanan data into the Australian reference frame was accomplished using the rotation parameters of Lawver & Scotese (1987) . The dgb (component A) and OVP 2 magnetizations plot slightly north and west of the Early Devonian Snowy River Volcanics (SRV) (Schmidt et al. 1987) and that of the Devonian aged dykes related to the Ravenswood Batholith (Clark 1996) , DD in Fig. 8 . The dgb palaeopole is thought to reflect a remagnetization acquired during the early stages of deformation related to thrust faulting of the Toko Syncline in the Georgina Basin during the Early-Middle Devonian (Haines et al. 2001) . Folding of these strata most likely occurred during the second pulse (Middle Carboniferous) of the Middle Palaeozoic Alice Springs Orogeny (e.g. Haines et al. 2001; Spikings et al. 1997) . Ripperdan & Kirschvink (1992) considered the CO1
• direction to reflect a primary Cambrian-Ordovician magnetization, based partially on the location of the CO1
• pole on the Australian Palaeozoic APWP of Morel & Irving (1978) and in part upon their interpretation of the magnetostratigraphic column generated from CO1
• magnetizations, discussed above. In the APWP presented in Fig. 8 , the age attributed to component B/CO1
• directions, poles sgb and CO1
• , respectively, is ∼430 Ma. As the sgb and CO1
• palaeopoles fall near the well-defined series of ∼420 Ma poles obtained from the Ravenswood Batholith and related dykes (Clark & Lackie 2003) and that of the Mereenie Sandstone (Li et al. 1991) , and for the reasons outlined in the preceding discussion, we favour an Early Silurian remagnetization age for the sgb and CO1
• directions. The palaeopole calculated from component C, GBL in Fig. 8 , falls upon the Cambrian loop, between the ∼490 Ma Black Hill Norite (BHN) (Schmidt et al. 1993 ) and the ∼530 Ma Todd River Dolomite (TOD) (Kirschvink 1978) , in accordance with a Late Cambrian remanence age. Although the number of Cambrian palaeopoles from outside Australia is limited, the detailed inset in Fig. 8 presents a comparison between cratonic Australian data with palaeopoles from other Gondwanan continents and provides a persuasive basis for the primary Late Cambrian remanence attributed to GBL. In particular, the GBL pole is concordant with a series of Late Cambrian poles provided by Klootwijk (1980) from cratonic Australia, including the Table 4 . Palaeopoles used in the APWP presented in Fig. 8 . Formation describes the rock unit from which the presented data were derived (all data are from Australia, unless otherwise noted); Mnemonic refers to the palaeopole designators in Fig. 8 , Plat ( • N)/Plong ( • E) mark the location of the reported palaeopole in Australian coordinates; α 95 is the half-angle of the 95 per cent circle of confidence associated with each mean direction; Age of magnetization refers to the presumed age of remanence in Ma; Q describes the palaeopole in terms of the quality criteria of Van der Voo (1990) Ripperdan & Kirschvink (1992) have been included in this table, with a reinterpretation of the age of magnetization attributed to their CO1 • and OVP 1 poles, and are marked by (R&K) following the formation description. Gondwanan data have been rotated into the Australian reference frame using the rotation parameters of Lawver & Scotese (1987 Pertaoorta Group (PG), Giles Creek Dolomite (GCD), Billy Creek Formation (BCF), and that from the Kangaroo Island Sediments (KIS) (Fig. 8, inset ). As these poles are spread throughout cratonic Australia, it is extremely unlikely that this agreement arises from localized rotations that have, fortuitously, resulted in a high level of conformity.
C O N C L U S I O N S
Two Cenozoic magnetizations are present within the eastern Georgina Basin: PF and TR. Whilst these directions do not impact the Palaeozoic findings, they are notable for the precision with which they have recorded recent directions of the Earth's magnetic field. Of the 350 or more samples for which NRM directions and intensities were measured, 202 provided an accurate reflection of the Earth's present field direction recorded by goethite. The TR component, likewise, provides a reliable estimate of the Earth's Tertiary magnetic field, a period of deep weathering across much of Australia, supporting the use of palaeomagnetism in the dating of prolonged weathering events through time (Schmidt & Embleton 1976 ). An Early Devonian magnetization, component A, is constrained by positive results for fold and reversal tests. The associated palaeopole (dab) lies at λ = 54.7
• E (N = 46, dp = 2.3
• , dm = 4.5 • ). This direction is thought to be related to fluid migration in the Early Devonian arising from large-scale thrust faulting within the Georgina Basin that placed the southwestern margin of the Toko Syncline beneath the Proterozoic Arunta Inlier (Haines et al. 2001) .
The sgb pole, λ = 8.0
• (N = 77, dp = 2.6
• , dm = 5.1
• ), is thought to be analogous to the CO1 • pole of Ripperdan . Gondwana and constituent data have been rotated into the Australian reference frame using the rotation parameters of Lawyer & Scotese (1987) . Plot is an equal area projection with map centre located at 0 • , 180 • E generated with GMAP-32 (Torsvik & Smethurst, 1989 .
& Kirschvink (1992) . The CO1
• direction of the R&K study was cited as a fundamental palaeopole in the proposed Middle-Late Cambrian IITWP event (Kirschvink et al. 1997 ) and the data presented herein provide a reinterpretation of palaeomagnetic data from Mt Unbunmaroo and surrounding areas that do not support a Late Cambrian-Early Ordovician age for this remanence, but rather a remagnetization related to documented Late Ordovician-Early Silurian deformation. Basin inversion led to the disruption of the Late Proterozoic-Early Palaeozoic Larapitine Seaway, bringing to an end the long-lived carbonate deposition within the basin (Scheibner & Veevers 2000) . This flexural event could have been accompanied by fluid migration or sustained weathering of newly exposed strata, allowing for growth of new magnetic mineralogies. Results from applied clustering algorithm analysis, reversal tests and fold tests were inconclusive, making a claim for primary origin of this remanence difficult to substantiate.
An arguably primary, or early diagenetic, remanence direction was isolated in the Cambrian Chatsworth and Devoncourt Limestones and within Cambrian members of the Ninmaroo Formation. This palaeopole, GBL, lies at λ = 48.6
• N, φ = 186.0
• E (N = 42, dp = 2.1
• , dm = 4.0 • ), has positive reversal test and fold test statistics and provides for a high degree of conformity within the greater Gondwanan data set.
Debate continues surrounding the proposed Cambrian IITPW event of Kirschvink et al. (1997 ) (e.g. Evans 1998 Meert 1999; Torsvik & Rehnström 2001; Torsvik et al. 1998) . Since the initial proposal, new geochronological data have become available that place strict limitations on the duration of this event Landing et al. 1998) . While the paucity of high-quality Cambrian palaeomagnetic data allows for various interpretations of the available data set, recent palaeomagnetic studies provide tight constraints on the magnitude of continental drift velocities during this period (McCausland & Hodych 1998; Pisarevsky et al. 1998; Smethurst et al. 1998) and new results from the region surrounding Mt Unbunmaroo (Black Mountain) have important ramifications upon this debate.
The ∼510 Ma remanence age attributed to the GBL palaeopole places it within the younger boundary of the proposed IITPW event (Evans 2003 , Meert 1999 . Kirschvink et al. (1997) chose the ∼530 Ma Tod River Dolomite (TOD) (Kirschvink 1978) palaeopole as a marker pole for the palaeomagnetic data set defining Australia's APWP prior to the onset of the IITPW event. The angular separation between the GBL palaeopole (which is conformable with a series of Late Cambrian poles from cratonic Australian presented by Klootwijk (1980) ) and the TOD palaeopole is only 18.8
• , translating into a drift velocity of ∼10 cm y −1 . These values fall far short of the 90 • rotation and the drift rates of more than 60 cm yr −1 for Early Palaeozoic continental blocks demanded by IITPW in any of its incarnations.
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